Introduction {#Sec1}
============

Biofilms are aggregates of microorganisms with high cell densities embedded in a self-produced extracellular polymeric substance (EPS) that are adherent to each other and/or a surface^[@CR1]^. Bacteria growing in biofilms cause a wide range of chronic infections^[@CR2]^ and biofilms in chronic wounds impact over 90% of the infections, which significantly hinders wound healing. Chronic wounds affect over 6.5 million patients with an estimated \$25 billion in healthcare costs annually^[@CR3]^. Standard care approaches of antibiotic treatment and innate immune response are often insufficient for biofilm infection mitigation^[@CR4],[@CR5]^.

While long-term antimicrobial therapy with multiple antibiotics can be effective in some cases^[@CR6]--[@CR8]^, treatment failure due to antibiotic resistance^[@CR7]^, systemic negative effects on the host, and the cost of medical and surgical treatment due to the presence of biofilms are on the rise^[@CR9]--[@CR11]^. Development of novel strategies for treatment is necessary, especially given these challenges. Recently, there have been several novel approaches to developing electroceutical dressings, that use either electric fields or currents to remediate biofilms while accelerating wound healing^[@CR12]--[@CR14]^. These alternates to antibiotic treatments are in various stages of commercialization but lack a fundamental understanding of the underlying principles behind their efficacy and limitations. The Procellera and Arthrex dressings are examples of electroceuticals that apply electric fields but have no current flow^[@CR12]^. The patterned electroceutical dressing (PED) is one example (Fig. [1](#Fig1){ref-type="fig"}) of the use of direct current (DC) to enhance or replace existing antibiotic regimens^[@CR13]^. DC has been demonstrated to have killing or eradication efficacy against planktonic bacteria in static and flowing systems^[@CR14]--[@CR18]^ with effects dependent on previously used electrode materials such as stainless steel (SS)^[@CR19],[@CR20]^, carbon, platinum, and gold^[@CR2],[@CR21],[@CR22]^ and on the composition of the medium^[@CR23]^.Figure 1Photograph of an in-house developed prototype of a printed electroceutical dressing (PED) which has Ag/AgCl electrodes printed on silk and powered *via* to a 6 V battery^[@CR13]^.

Costerton and co-workers first reported enhancement of antibiotic efficacy against microbial biofilms by application of current which they termed the "bioelectric effect"^[@CR22],[@CR24]^. For instance, a previous research report showed use of DC at a current density of nearly 2.1 mA/cm^2^ for enhanced elimination of bacterial biofilms in combination with various industrial biocides^[@CR14]^. In the same work, it was reported that switching the polarity of the flowing current had little or no effect on the survival of *Pseudomonas aeruginosa* (PA) biofilms; however, the combination of direct current and quaternary ammonium biocide significantly increased killing of biofilms grown on SS studs^[@CR14]^. More recently, hydrogen peroxide produced from an electrochemical scaffold in a liquid bacterial culture medium was used to eradicate PA biofilms^[@CR14],[@CR25]^. In an effort to closely mimic the chemical environment to treat biofilms *in vivo*, Sandvik *et al*.^[@CR23]^ showed that in an aqueous solution of physiological saline, hypochlorous acid (HOCl) is produced electrochemically and reduced the surface concentration of *Staphylococcus epidermidis* biofilms from approximately 10^7^ to 10^2^ CFU/cm^2^. While most of the previous studies have been done in liquid media that are less applicable to wound biofilms, our current study focuses on the use of an *in vitro* agar based model as it mimics conditions similar to soft tissues in terms of providing a soft surface and a diffusion dominated environment. Mass transfer is an important consideration since in an aqueous environment, mixing of products produced at the electrodes may be rapidly diluted in the bulk fluid such that beneficial effects may only be observed at the electrode. Conversely, in systems with relatively small volumes, products may be produced in sufficiently high concentrations where beneficial effects are observed everywhere in the system. A diffusion dominated environment allows gradients to develop over time, mimicking the environment in tissues.

Wound biofilms usually impact soft tissue *in vivo*, and most *in vitro* electrochemical methods have evaluated interactions of electric current on biofilms in liquid media (e.g. Sandvik 2013). Therefore, a significant knowledge gap remains in how electrical current may impact bacterial biofilms in soft tissue. In the present work, the bioluminescent *P. aeruginosa* Xen41 strain was used to form lawn biofilms on agar plates that serve as *in vitro* platforms to mimic soft tissue. Two rectangular, silver foil electrodes were embedded at the bottom of the agar plate and were not in direct contact with the overlying biofilm. The influence of an applied current on the activity and killing of PA biofilm bacteria was assessed by bioluminescence, viable cell counts, and scanning electron microscope (SEM) imaging.

Results {#Sec2}
=======

Agar based *in vitro* biofilm model {#Sec3}
-----------------------------------

We developed an *in vitro* model for assessing the efficacy of electroceutical treatment on PA biofilms (Fig. [2](#Fig2){ref-type="fig"}). After 24 h, the bacteria formed a relatively uniform lawn over the agar. The cell surface density was 4.8 ± 2.4 × 10^9^ CFU/cm^2^ (mean ± 1 SD, n = 3). Bioluminescent intensity was relatively constant over the lawn but diminished over longer periods of time after discontinuing current (i.e. well in excess of 2 days or 48 h), presumably as the bacteria started to become nutrient depleted. The bacterial lawn in this model satisfies the criteria for being considered a biofilm as it is an immobile community of bacteria attached to a living surface (agar) and embedded in an extracellular polymeric matrix (EPS) that they have produced. Moreover, these lawns do not show significant reduction in CFUs at concentrations of the antibiotic tobramycin, which does significantly reduce the planktonic cell count (CFUs) as shown in Fig. [S1](#MOESM1){ref-type="media"}. Such antibiotic tolerance of these lawns of *P. aeruginosa* is one of the hallmark characteristics of biofilms.Figure 2Schematic of *in vitro* agar wound model showing (**A**) Ag electrodes embedded in TSA medium connected to a 6 V battery used to generate current and a 1 kΩ ballast resistor to limit the flow of current and (**B**) Current was applied for either 1 or 24 h and the Petri dishes were incubated upto an additional 24 h after stopping current.

*P. aeruginosa* biofilms are killed by DC current {#Sec4}
-------------------------------------------------

Lawn biofilms of PA-Xen41 grown for 24 h when treated with DC generated from a 6 V source (with 1 kΩ ballast), showed inactivation as observed by the decrease in bioluminescent biofilm bacteria over the anode monitored over a 48 h time window (Figs [3](#Fig3){ref-type="fig"} and [S2](#MOESM1){ref-type="media"}). Some inactivation at the proximal region of the anode was detected at 24 h with greater inactivation over the whole anode at 48 h. Visual inspection showed that the biofilm had been physically cleared from the anode area as evidenced by a reduction in opacity, presumably reflecting cell lysis in this region (Fig. [3](#Fig3){ref-type="fig"}). This was confirmed with *In Vivo* Imaging System (IVIS) imaging and CFU counts.Figure 3IVIS images showing time dependent killing of PA biofilms after applying current through TSA. Color bars in IVIS images shows red as highly metabolically active/live and blue/black as inactive.

Agar plugs from the treated biofilms over the anode revealed a \~4 log reduction at 48 h and 72 h (p \< 0.05 at 48 h and 72 h), whereas there was no statistically significant reduction in cell count at the cathode and electrically untreated control biofilms at these time points (Fig. [4](#Fig4){ref-type="fig"}). SEM imaging of sections of the lawn biofilms over the anode depicted healthy rod shaped bacterial cells embedded within the dense biofilms before the current was applied (Fig. [5](#Fig5){ref-type="fig"}). However, 24 h post current treatment, it was evident that the cells had begun to lyse. At 48 h, no evidence of distinct individual cells could be found and only bacterial debris were apparent (Fig. [5](#Fig5){ref-type="fig"}). In the SEM images of the treated biofilms, there appear to be no healthy individual cells in contrast with the CFU data (Fig. [4](#Fig4){ref-type="fig"}), which shows that some viable cells are present. The SEM characterizes a very small region (\<50 µm × 50 µm, c.a. 0.0025 mm^2^) directly over the anode, while the punch represents a larger area (12.6 mm^2^) and likely included some live cells at the margin of the killing zone. In this case, the CFU data might actually underestimate the log reduction in the region directly above the anode. Furthermore, since the CFU showed a 4-log reduction, we would expect to see 1 healthy cell out of 10,000, or 1 per average field of view which may be difficult to detect or be buried within the debris of the dead biofilm.Figure 4Log CFU of PA biofilms grown on TSA diectly over the anode or cathode. Geometric mean and error bars are ± 1SE (n = 3). Significant differences compared to the control lawn biofilm away from the electrodes are indicated with '\*'.Figure 5SEM images of electrically untreated control and treated PA biofilms over the anode at different time points. Arrows indicate damaged bacterial cells. Scale bar = 5 µm.

Silver containing compounds are not responsible for biofilm inhibition {#Sec5}
----------------------------------------------------------------------

In order to better understand the nature of the electrochemical changes that may be occurring in response to the electric current, EDS analysis was performed across the thickness of the agar over the anode at 48 h (Fig. [S3](#MOESM1){ref-type="media"}). From the elemental analysis it was evident that Ag is only present in the black layer that forms on the surface of anode and no Ag is detected within the agar or near the biofilm. In contrast, chlorine (Cl) was detected throughout the agar and also in the black layer on the surface of the anode. The atomic percentage of both Ag and Cl is found to be approximately 20% in the black layer that formed on the anode surface and suggests that this black layer acted as a passivating layer of AgCl by stoichiometric proportion. While no Ag is detected above the anode in the agar, killing was observed on the anode. The above results show that an anti-biofilm compound was produced at the anode after applying current in addition to the electrochemical production of AgCl.

Electric current generates compounds at anode that destroys *P. aeruginosa* biofilms {#Sec6}
------------------------------------------------------------------------------------

We hypothesize that the cidal agent generated at the anode in our experiments is HOCl. Direct detection of electrochemically produced HOCl is not possible since it reacts with components of the growth media as well^[@CR26]--[@CR28]^. Therefore, we assayed for 3-chlorotyrosine, a complex generated by the reaction of HOCl or chloramines with cytoplasmic proteins^[@CR29],[@CR30]^, using western blot analysis of PA lawn biofilms treated with electric current for 24 h. Three independent experiments showed the presence of two bands of chlorotyrosine, as shown in Fig. [6A](#Fig6){ref-type="fig"} which displays a representative image. Densitometry quantification of the western blot showed significantly higher content of 3-chlorotyrosine in samples taken at the anode (after exposure to current) as compared to the control (Fig. [6B](#Fig6){ref-type="fig"}). The SEM-EDS results along with this chlorotyrosine data serve to further bolster the hypothesis that chlorine chemistry is centrally involved in the observed killing of PA lawn biofilms in this work.Figure 6Detection of generation of 3-chlorotyrosine using western blot analysis of PA lawn biofilm treated with current for 24 h. Flagellin B was used as a loading control. (**A**) Representative blot from three independent experiments. (**B**) Densitometry quantification of the western blot normalized to Flagellin B. Data are expressed as mean ± SE (*n* = 3); \**P* \< 0.05 compared to control (no current).

Growth and killing of *P. aeruginosa* biofilms on agar containing biological fluids {#Sec7}
-----------------------------------------------------------------------------------

PA-Xen41 was grown on 1.5% (wt/vol) agar supplemented with either 40% human serum (HS) or 40% bovine synovial fluid (BSF). Compared to the biofilm lawns grown on TSA, relatively greater killing was observed with BSF and HS as can be seen from the reduction in bioluminescence over the anode (Figs [7](#Fig7){ref-type="fig"} and [8](#Fig8){ref-type="fig"}). Interestingly, we also observed a reduction in activity over the cathode area with the biofilm lawn on the agar supplemented with HS. Remarkably, the area of the zone of inactivation around the anode continued to increase up to 72 h after the current was turned off (Fig. [8](#Fig8){ref-type="fig"}).Figure 7IVIS images showing killing of lawn biofilms of PA-Xen41 grown on agar gels made with human serum or bovine synovial fluid.Figure 8Killing of lawn biofilms of PA grown on either TSA, 40% HS agar or 40% BSF agar after applying current for 24 h. The zone of killing was measured from IVIS images at three equidistant points along the anode.

Inhibitory compounds are generated rapidly and are stable over time {#Sec8}
-------------------------------------------------------------------

To determine the characteristic time scale of generation and stability of the inhibitory compounds, current was driven through the TSA for 1 h at 37 °C and then turned off. A planktonic culture of PA-Xen41 was then spread onto the agar surface and incubated for 24 h at 37 °C. After the incubation period, inhibition of bacterial growth around the anode was visibly evident (Fig. [9A(a--c)](#Fig9){ref-type="fig"}). This demonstrates that the antibacterial product was produced at inhibitory concentrations within at most 1 h of electroceutical treatment and was stable well after the current was turned off, when there should be no further generation of electrochemical products.Figure 9(**A**) Generation of inhibitory product after 1 h of applying current. (a) Petri dishes containing TSA medium with Ag electrodes and without bacteria were treated with DC for 1 h. (b) Current was switched off and the agar spread with PA. (c) After 24 h, a clear zone of inhibition around the anode was evident. (**B**) Killing of lawn biofilms of PA grown on TSA after applying current for 1 h (vertical dashed line). The zone of killing continued to extend beyond the width of the electrodes (indicated by horizontal dashed line) upto 27 h after turning the current off. Vertical dotted line shows the time t = 1 h when current was turned off. Curve fitting was done using the online freeware, MyCurveFit.

Similarly, 24 h lawn biofilms (grown prior to electroceutical treatment and subsequently) treated for 1 h with DC, showed a zone of killing that had formed sometime between 7 and 19 h after the current had been turned off (Fig. [9B](#Fig9){ref-type="fig"}). As with the observations reported above, the zone of killing around the anode continued to increase over time (Fig. [9B](#Fig9){ref-type="fig"}). This observed lag before the biofilm is destroyed is likely due to a combination of the time taken to produce cidal concentrations of the antimicrobial product and the time taken for this cidal substance to diffuse from the anode at the bottom of the agar and culture plate to the lawn biofilm on the agar surface.

Changes in pH near the electrodes {#Sec9}
---------------------------------

In order to determine whether current flow causes changes in local pH in the agar, a quantitative measurement of pH was performed using a pH microelectrode (Microelectrodes Inc, USA) over the agar surfaces above the anode, cathode and locations 2 cm laterally away from the electrodes. These measurements at different time points with current flow revealed that the pH is in the range of 6.7 ± 0.1 over the anode, 8.4 ± 0.1 over the cathode and 7.1 ± 0.1 away from the electrodes, confirming the qualitative colorimetric determination (Supplementary Figure S3). It is of note that biofilms are not affected by such variations of pH alone^[@CR31],[@CR32]^.

Biofilm killing with gold electrodes {#Sec10}
------------------------------------

Cidal results obtained with Ag electrodes were also observed with Au, and with a larger zone of inhibition over the anode (Fig. [S4](#MOESM1){ref-type="media"}). However, with Au anodes and cathodes, a zone of inactivation was also observed around the cathode unlike what was observed with Ag electrodes. These differences suggest that electroceutical effects depend on electrode material. The implications of these results are further discussed in the following section.

Discussion {#Sec11}
==========

Electroceutical wound dressings are being developed to treat biofilm related infections^[@CR12],[@CR33],[@CR34]^. The class of electroceutical wound dressings that drive a current through the wound contain Ag as at least one of the main functional components, due to cost and due to the previously known antimicrobial properties of Ag^[@CR35]--[@CR37]^. A systematic evaluation of the bactericidal effects of electroceutical wound dressing is presently lacking, and this study using an *in vitro* agar model, is a significant advancement in understanding the extensive parametric and mechanistic aspects of why electroceutical dressings are effective in eliminating bacterial biofilms. The PA biofilms used in this work have been demonstrated to be resistant to tobramycin, where corresponding concentrations as high as 16 µg/ml have profound effects in reducing the populations of planktonic bacteria to well below clinical infection thresholds (see Fig. [S1](#MOESM1){ref-type="media"}). Most previous works have evaluated effects of electrical stimulation of bacteria in liquid media, for example, antibacterial activity has been reportedly observed against *Escherichia coli* in salt solutions^[@CR38]^; *E. coli*, *Proteus* species and *Klebsiella pneumoniae* in synthetic urine^[@CR21]^; and *E. coli*, *Staphylococcus aureus* and *Bacillus subtilis* in water^[@CR39],[@CR40]^. In this work, an agar based *in vitro* model relevant for soft tissue wounds has been developed to determine the effect of electrical current on PA biofilms, and is an important step between laboratory and clinical practice.

Using reported wound drainage rates and making reasonable assumptions regarding wound size and wound thickness, the mass transfer characteristics of a typical wound environment were estimated (see Supplemental Information). As described in detail in the Supplementary Data, a typical soft tissue wound was determined to be diffusion limited for HOCl (assuming that it is the active cidal product produced by the electroceutical treatment) with estimates quantified by using the non-dimensional ratio of advection to diffusion over a relevant spatial length scale, i.e., the Peclet number (Pe). Under diffusion limited transport conditions, the transport of compounds such as HOCl generated in the gel after applying current, is controlled by diffusion in the porous medium with little influence from advection. Therefore, any electrochemical reactions generating products at the anode and cathode (and any products resulting from subsequent intermediate reactions with components in the media) will generate gradients from the electrodes and extend into the TSA over length scales determined by chemical from which they were producedspecies-specific diffusivities in a gel or any tissue-like medium, and likely extending from a few millimeters to centimeters. Thus, antimicrobial activity may be apparent at distances from the electrodes over extended periods of time as the generated cidal species continue to diffuse away from the electrodes in the vicinity from which they were produced.

Our work builds on previous work showing the cidal effects of electric current on planktonic bacteria (*P. aeruginosa, S. epidermidis, S. gordonii, E. coli, S. aureus*) in solutions and in bacterial biofilms^[@CR11],[@CR13],[@CR22],[@CR37]--[@CR41]^. Where our work differs from these earlier works is in (1) developing a useful *in vitro* agar based platform on which scientific studies may be conducted to determine operating mechanisms for silver-based electroceutical dressings in clinical settings, (2) limiting the current driven through the agar medium, and (3) in determining that the bactericidal effects are due to dissemination of cidal species produced at the electrode. Our agar based *in vitro* model can therefore serve to identify key mechanisms and parameters that need to be optimized for the laboratory-to -clinic translation of electroceutical bactericidal technology.

The key findings of this work on biofilms are summarized in Figs [3](#Fig3){ref-type="fig"}--[5](#Fig5){ref-type="fig"}, where a 4-log reduction in PA biofilms was observed after 48 h of electrical treatment. The rate of reduction in biofilms over 48 h was greater than between 48 h and 72 h. This result may be caused by the possibility that the production of antimicrobial agent at the anode was limited to early time points by passivation AgCl formation as evidenced by the observed black deposit and the EDS data. This suggests that silver as an electrode choice may be self-limiting and might not be best suited for extended treatment periods, since remaining viable cells have the potential to re-establish the infection. However, present clinical practice typically requires dressings to be changed every 3 days so that application of subsequent treatments in intervals of 3 days would reduce or eliminate re-establishment of the infection. Moreover, we anticipate such an electroceutical based technology would be used in conjunction with antibiotic therapy. In future work we will be exploring the use of non-reactive electrode materials such as graphite which will have potential for extended and repeated antimicrobial production. Figures [7](#Fig7){ref-type="fig"} and [8](#Fig8){ref-type="fig"} show the results of PA-Xen41 biofilms grown on gels formed with physiologically relevant fluids such as HS and BSF (both of which contain NaCl at physiological salt concentrations). As can be seen from these figures, PA-Xen41 biofilms were eradicated on agar containing HS and BSF. This bodes well for *in vivo* treatment of such biofilms since chloride ions are known to be present under physiological conditions. Perhaps the most significant result presented in this work is captured in Fig. [9](#Fig9){ref-type="fig"}, where the electroceutical treatment is applied for 1 h, then the current shut-off, after which the bacterial lawn was incubated for 24 h. It can be seen from Fig. [9](#Fig9){ref-type="fig"} that cidal effects are evident well after the electric current treatment is off, implying that the observed effect is chemical and diffusional in nature. In other words, a stable antimicrobial agent must have been produced at the anode and subsequently diffused through the agar to later kill the lawn biofilms immediately above the anode.

A reasonable hypothesis from our results as well as from existing work is that the applied current generates an antimicrobial agent or agents at the anode that are stable and able to diffuse to the surface of the agar, whereupon they destroy the biofilm. Sandvik *et al*.^[@CR23]^ have suggested a possible production of HOCl when current is driven through aqueous media, a potent disinfectant responsible for eradication of biofilms. The experimental results presented in this work cannot unequivocally identify the bactericidal agent(s). Nevertheless, our results do indirectly point to a potential candidate, namely, HOCl. From known electrochemistry of aqueous media containing containing Cl salts^[@CR22]^, it is possible to identify the following reactions at the anode and cathode:
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Note that H~3~O^+^ is produced at the anode in the process, while OH^−^ is produced at the cathode. Also noteworthy is the fact that the production of HOCl requires two electrons transferred but only generates a single H~3~O^+^ unlike the reaction at the cathode which produces an OH^−^ for every electron transferred. This is due to the fact that the third reaction at the anode can be driven left or right depending on the pH of the solution. The pKa of HOCl is 7.53, therefore the reaction should favor production of HOCl and not OCl^−^ since the initial pH of the media is \~7.1^[@CR41]^. This would result in a smaller change in pH at the anode as compared to the change at the cathode. Indeed, this is precisely what was observed in our experiments (Table [1](#Tab1){ref-type="table"}).Table 1Changes in pH of TSA medium over anode, cathode and locations 2 cm laterally away from the electrodes, measured using a pH microelectrode.Time (hours)AnodeCathodeAway from electrodes07.01 ± 0.17.05 ± 0.17.08 ± 0.1246.71 ± 0.18.40 ± 0.17.00 ± 0.1486.79 ± 0.18.35 ± 0.17.02 ± 0.1

The cathodic and anodic reactions in the electroceutical treatment described in this work indicate localized changes with decrease in pH at the anode and a corresponding increase at the cathode. This is consistent with what has been previously reported in current driven systems^[@CR23]^ and also with the data reported in the supporting information in this work (Table [1](#Tab1){ref-type="table"}). It is unlikely that the pH changes at the electrodes are responsible for the observed remediation of the PA biofilms since even planktonic PA are known to be unaffected by such excursions in pH on either side of neutral. HOCl is a likely candidate for the observed biofilm inhibition, since biological fluids contain chlorides, speciation of free chlorine is pH dependent, and HOCl is predominantly generated at pH \< 7.5 while hypochlorite (OCl^−^) is expected to be produced at pH \> 7.5. In addition, HOCl is known to be 100 times more reactive than the hypochlorite ion and a stronger disinfectant, and therefore may explain the bactericidal effects observed at the anode in contrast to the cathode in our experiments^[@CR23]^.

HOCl can also react with proteins in the media to produce more stable protein chloramines (Fig. [6](#Fig6){ref-type="fig"})^[@CR26],[@CR42]^. Taurine chloramines are produced when the amino acid taurine reacts with HOCl^[@CR43]^. Such products can be produced from interaction between HOCl and bacteria^[@CR26],[@CR44]^. As shown in Fig. [6](#Fig6){ref-type="fig"}, the presence of 3-chlorotyrosine with current along with the observed changes in pH, as well as reported bactericidal effects reported in the literature, bolster the hypothesis that HOCl is present and is likely the cidal agent responsible for the killing of PA biofilms observed in this work.

This work has focused on the use of Ag electrodes in the electroceutical treatment of biofilms. The electrode material plays a significant role in the electrochemical generation of antimicrobial agents. Davis *et al*. (1989) reported the electrode material to be critical in studies applying electric current on bacterial samples in a liquid medium^[@CR17]^. A gold cathode with carbon and platinum anodes were reported to be the most effective against the urinary tract planktonic pathogens *E. coli* and *P. mirabilis*, while silver, nickel, or copper electrodes corroded to the point of breaking during experiments^[@CR17]^. In another study, the authors showed application of direct current through platinum electrodes resulted in an increase in the production of reactive oxygen species (ROS) responsible for killing of *S. aureus*, *S. epidermidis* and *P. aeruginosa* biofilms^[@CR45]^. It is certainly possible that other cidal agents besides HOCl may be active in the PA biofilm remediation observed in our results. In other work, the release of metals from the electrodes has been intentionally used to deliver Ag for treatment^[@CR46],[@CR47]^. It is interesting to note that our EDS analysis at different locations through the agar in our *in vitro* model, showed no presence of Ag beyond the electrode surface (Fig. [S3](#MOESM1){ref-type="media"}), so that the bactericidal effects of silver alone can be ruled out in our experiments. In the results reported here, both Ag (Fig. [3](#Fig3){ref-type="fig"}) and Au (Fig. [S4](#MOESM1){ref-type="media"}) electrodes were effective in generating electrochemical species leading to eradication of PA biofilms. However, (1) with Au electrodes, killing is observed additionally on the cathode and (2) no chloride layer equivalent to AgCl forms on Au electrodes. Therefore, it is possible that current driven systems using electrodes other than Ag could see excursions in pH well away from neutral and larger than those values measured in this work and potentially involve multiple cidal species.

A drawback of the *in vitro* agar based model introduced in this work is that both voltage and current vary through the course of the electroceutical treatment (Fig. [S5](#MOESM1){ref-type="media"}), and it is likely that this will occur *in vivo* as well without active real-time sensing and control. Figure [S5](#MOESM1){ref-type="media"} shows the voltage measured across the Ag electrodes on the agar side, downstream of the 1 kΩ ballast resistor. In other words, in Fig. [S5](#MOESM1){ref-type="media"}, $\documentclass[12pt]{minimal}
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                \begin{document}$$V=(6-1000I)$$\end{document}$, where V is in Volts and I is in Amperes. As can be seen from the equation, as the current (I) approaches 0 A, the voltage across the agar approaches 6 V. At the instant current flow begins, it is relatively large (but limited to no more than 6 mA by the ballast), corresponding to the voltage being small across the agar between the electrodes. As the current flows and the electrochemical reactions at the electrode surface and in the agar proceed, the voltage begins to rise (as the AgCl layer forms at the anode and the electrochemical products change the resistance of the agar medium) and the current falls. In Fig. [S5](#MOESM1){ref-type="media"}, the initial rapid changes in both current and voltage indicate formation of the AgCl layer at the anode, in concert with production of the cidal species that much later in the transient, destroys the biofilm at the agar surface. From known principles of electrochemistry, the magnitude of the voltage at the anode determines which electrochemical reactions are driven (i.e. which species are produced) and the magnitude of the current determines the concentration of species produced. There is therefore a significant opportunity in electroceutical treatments for active control of both current and voltage with real-time sensing of the electrical characteristics of a wound.

Overall, the eradication of biofilms in this study appears to be impacted by a multi-step mechanism, including generation of reactive chlorinated species, changes in pH, and migration of stable reactive species away from the electrodes over extended time periods even after the current has been turned off. Clearly, future work must focus on identifying specific reactive species and migration characteristics to determine efficacy of electrical stimulation *in vivo*. The agar based *in vitro* model presented here can be useful in translation of a laboratory technique to clinical practice. We have identified HOCl as the key cidal agent in electroceuticals based on supporting indirect evidence. HOCl is known as an inorganic bactericidal compound of innate immunity and is effective against a broad range of microorganisms^[@CR48]--[@CR50]^. Its presence, however, does raise the potential of cytotoxicity on host cells including immune cells. It is pertinent to emphasize that HOCl is produced by neutrophils and is a natural part of host immune response to pathogens^[@CR51]^. It is well known that stimulated neutrophils produce HOCl/OCl^−^ at a rate of 12.3 ± 0.8 nmol per 5 × 10^6^ neutrophils (or 2.46 fmol ± 0.2 fmol per stimulated neutrophil)^[@CR51]^. *In vitro* cytotoxicity profile (L929 cells) and the *in vivo* safety profile of HOCl (at pH 4.0) in various animal models (rabbit and guinea pig) have shown HOCl to be a safe antimicrobial agent with lack of animal toxicity^[@CR48]^. Minimal bactericidal concentration (MBC) of HOCl against *P. aeruginosa* is reported to be 0.35 µg/mL^[@CR48]^. With respect to developing the technology as a therapeutic, there is little data on HOCl concentrations and exposure times required to kill *P. aeruginosa*, and whether these can be achieved within tolerable cytotoxicity limits. Sakarya *et al*. (2014) suggested the concentration of HOCl to inactivate *P. aeruginosa* biofilms was 27.5 µg/mL^[@CR52]^. After 24 h incubation they showed complete killing (a 5 log reduction). However, Chena and Stewart (2000) reported that 15 µg/mL at pH 6.4 only caused a 1-log reduction^[@CR53]^. Based on these data it appears that the susceptibility is likely system dependent and further *in vitro* and *in vivo* studies are required to determine whether we can operate within a therapeutic window. However, we point out that due to the medical complications in treating chronic biofilm wound infections recent expert opinion suggests early and aggressive treatment^[@CR10]^, and as such a certain degree of cytotoxicity might outweigh the benefit of controlling the biofilm. HOCl could also be effective in combination with antibiotics where HOCl (at lower than MBC concentrations) could permeabilize the bacterial cells and complete eradication could be possible along with antibiotic treatment. This work lays the foundation for understanding the mechanisms behind the bactericidal effects of electroceutical treatments and can lead to better clinical interventions for antibiotic resistant biofilm infections perhaps even without the need for antibiotics.

Methods {#Sec12}
=======

Bacterial strain and culture conditions {#Sec13}
---------------------------------------

A bioluminescent strain of *Pseudomonas aeruginosa* (PA) Xen41 (PerkinElmer, USA) was used in all the experiments reported here. PA-Xen41 is a PAO1 luminescent strain that harbors the *luxCDABE* cassette inserted in a constitutively expressed manner^[@CR54],[@CR55]^. The bacterium was cultured in tryptic soy broth (TSB; Sigma Aldrich, USA). The glycerol stock cultures were stored at −80 °C and streaked onto fresh tryptic soy agar (TSA) plates containing 1.5% agar in TSB, that were incubated for 24 h at 37 °C in 5% CO~2~. The isolated colonies from the TSA plate were then transferred to 20 mL of TSB and incubated overnight on an incubator shaker set at a temperature of 37 °C and speed of 200 rpm.

Agar based wound model for *in vitro* electroceutical testing {#Sec14}
-------------------------------------------------------------

Silver electrodes were cut from 0.1 mm thick, 99.9% pure Ag foil (Sigma-Aldrich, USA). All electrodes were 3 mm wide and 10 cm in length. A pair of electrodes was laid flat at a distance 3 cm apart in a 150 mm diameter polystyrene Petri dish (Fisher Scientific, USA) with both electrodes extending 8 cm from the walls of the dish. The remaining 2 cm length of the Ag electrodes extended outside the Petri dish and were connected to a 6 V battery pack. The battery pack comprised two 3 V batteries (CR2032, Energizer, USA) in series with a switch and a 1kΩ ballast resistor (Fig. [S2](#MOESM1){ref-type="media"}) to limit the total current to below 6 mA when the switch is turned on (Fig. [2](#Fig2){ref-type="fig"}). TSA (55 mL) was poured on the flattened electrodes placed in the Petri dishes. The agar was allowed to solidify to room temperature. The measured current was observed to decrease from 3.5 ± 0.38 mA (where ± indicates range of two independent observations) at time t = 0 when the switch was turned on, to 0.15 ± 0.06 mA (150 μA ± 60 μA) over a period of 24 h and therefore all experiments were limited to no more than 24 h current passage (Fig. [S5](#MOESM1){ref-type="media"}).

Preparing lawn biofilms of *P. aeruginosa* {#Sec15}
------------------------------------------

Lawn biofilms of PA-Xen 41 were generated by spreading the overnight culture on TSA with the Ag electrodes embedded underneath the agar layer, which is approximately 3.6 mm thick. Briefly, 100 µL of the overnight PA-Xen41 culture grown in TSB was mixed with 9.9 mL TSB to make a 1:100 dilution. 400 µL of the diluted culture was spread onto the TSA with embedded electrodes contained in a polystyrene petri-dish (150 mm × 15 mm, Fisher Scientific, USA). The petri-dishes were incubated at 37 °C in 5% CO~2~ for 24 h to develop lawn biofilms of PA-Xen41. The PA lawns were verified as being biofilms by measuring their response to the antibiotic, tobramyacin (Fig. [S1](#MOESM1){ref-type="media"}).

Killing of *P. aeruginosa* biofilms by electric current {#Sec16}
-------------------------------------------------------

The bioluminescent strain of PA-Xen41 was used in the data reported here since it enables easy monitoring of growth and metabolic activity based upon changes in intensity^[@CR56]^, where red indicates active cells and blue/black represents less active or dead cells (Fig. [3](#Fig3){ref-type="fig"}; IVIS images). Cell death of course is confirmed by CFU counts. The lawn biofilms of PA-Xen41 formed for 24 h on the TSA surface were subjected to electroceutical treatment by driving electric current through the embedded Ag electrodes for 24 h. As described earlier, a 6 V battery pack with a 1 kΩ ballast resistor connected in series was used to drive the current. The Petri dishes were kept at 37 °C for 24 h in 5% CO~2~ after which the battery was disconnected and the petri-dishes were incubated for an additional 24 h. Control samples were lawn biofilms formed for 24 h and incubated further for 48 h without electroceutical treatment.

Colony forming units of lawn biofilms at different time intervals {#Sec17}
-----------------------------------------------------------------

The colony forming units (CFU/cm^2^) of lawn biofilms were measured (i) before applying current at time t = 0 h, (ii) when current was stopped at 24 h, and (iii) after incubation without current till the 48 h time point. Agar cylindrical plugs (4 mm in diameter) from different areas of the plates (over anode and cathode) were removed using biopsy punches with the plunger system (Integra Miltex, Fisher Scientific, USA). The agar plugs were placed in sterile PBS, vortexed, serially diluted and plated onto TSA medium. The petri-dishes were incubated for 24 h at 37 °C and colonies were enumerated. Control samples were lawn biofilms formed for 24 h and incubated further for 48 h without electroceutical treatment.

Scanning electron microscope (SEM) imaging {#Sec18}
------------------------------------------

Lawn biofilms of PA-Xen41 grown on TSA medium were imaged using a FEI Nova Nano SEM 400 (FEI™, Hillsboro, OR) with a field-emission gun electron source, at an accelerating voltage of 5 kV. Biopsy punch samples (\~4 mm diameter) were collected from the anode region at different time points (0, 24, and 48 h). The punched out agar blocks with the biofilms were then placed in 24 well microtiter plates and the biofilm was fixed in a glutaraldehyde buffer for 48 h at 4 °C followed by dehydration with graded ethanol. The samples were then chemically dried overnight with hexamethyldisilazane (HMDS, Ted Pella Inc.). Before imaging, the samples were mounted on an aluminum stub and sputter coated with Au-palladium to minimize sample charging when exposed to the electron beam^[@CR57]--[@CR59]^.

Energy dispersive x-ray spectroscopic (EDS) analysis {#Sec19}
----------------------------------------------------

EDS elemental analysis was performed to determine the abundance of the elements contained in the inhibitory compound produced after applying current and to determine whether or not Ag leaches out from the electrodes into the agar. EDS analysis was performed using a Hitachi S-3000H SEM with EDAX Falcon EDS detection system model 132--10. The agar punches were obtained as mentioned above in the section on SEM analysis, and the samples were sliced (Fig. [S2](#MOESM1){ref-type="media"}) to obtain depth profiles of elemental composition. The images of the EDS sample were taken without any coating, and using the SEM operating at 5 kV equipped with an Everhart-Thornley secondary electron detector.

Detection of chemical nature of bactericidal compound produced by electroceutical process using western blot analysis {#Sec20}
---------------------------------------------------------------------------------------------------------------------

To investigate our hypothesis that HOCl may be a key agent in the observed killing of PA biofilms, we performed western blot analysis using a primary antibody (Hycult Biotech Inc., PA) which recognizes 3-chlorotyrosine protein adducts formed when HOCl reacts with proteins^[@CR27],[@CR60]--[@CR62]^. Briefly, the PA lawn biofilms were formed on TSA and electroceutical treatment was applied for 24 h. The biofilm over the anode was scraped off using sterile disposable inoculating loop (Fisherbrand, USA) and collected in a sterile eppendorf tube containing 1 mL of PBS and labelled (as anode). The control eppendorf tube contained 1 mL PBS with scraped 24 h lawn biofilm of PA from TSA (without electroceutical treatment). Both the eppendorf tubes were centrifuged at 10,000 rpm for 5 min. The supernatant was discarded and the resulting pellet was used for analysis. After labelling with the primary antibody, the signals were visualized using corresponding HRP-conjugated secondary antibody (1: 2,000; GE Healthcare Life Sciences, PA) and ECL Plus™ Western Blotting Detection Reagents (GE Healthcare Life Sciences, PA). Membranes were stripped and re-probed with anti-Flagellin B which served as the loading control^[@CR28]^.

Killing of lawn biofilms grown on agar surface with biological fluids {#Sec21}
---------------------------------------------------------------------

To determine whether or not biological fluids affect the killing of PA lawn biofilms using electric current, two additional sets of agar media were prepared using human serum (HS, Type AB, Atlanta Biologicals, GA) and bovine synovial fluid (BSF, Lampire Biological Laboratories, USA). HS or BSF containing agar was prepared with the biological fluid (400 mL/L) in distilled water and the solidifying agent (agar, 1.5% wt./vol.). The biological fluids were added to pre-sterilized media cooled to 40 °C to avoid degradation or coagulation of proteins and to preserve the constituents of the fluids. PA-Xen41 grown overnight was diluted (1:100 in TSB) and 400 µL of the diluted culture was spread onto the respective media containing Ag foils, as already described above for TSA media. Direct current was applied to the pre-grown lawn biofilms for 24 h. The battery was removed at 24 h and the petri-dishes were incubated further for another 24 h. Images (white light and IVIS) were taken at t = 0 (when current was turned on), 24 (current off), and 48 h (24 h after the current was turned off), respectively. Zone of inhibition measurements were performed on IVIS images. The widths of inhibition zones at distances of 2 cm (from electrode entering the agar), 4 cm (midway) and 6 cm (towards tip of the anode) beginning from top of the anode, were measured and the average width of the three measurements was plotted at each time point.

Effect of varying current on killing of *P. aeruginosa* Xen41 biofilms {#Sec22}
----------------------------------------------------------------------

We anticipated that the magnitude of the current could impact the concentration of cidal specie(s) electrochemically produced and affect the extent of killing of the biofilm. In order to explore this possible effect, different ballast resistances were used and the killing efficiency quantified using IVIS imaging. With the different ballast resistors (6 kΩ, 1 kΩ and 500Ω) in series with the 6 V battery pack, initial currents were measured to be 0.65 ± 0.01 mA (650 ± 10 μA), 3.50 ± 0.38 mA (3500 ± 380 μA), and 5.85 ± 0.08 mA (5850 ± 80 μA) respectively (mean ± 1 SD, n = 2). With current flowing for 24 h, the final current recorded was 0.09 ± 0.002 mA (90 ± 2 μA), 0.15 ± 0.06 mA (150 ± 60 μA), and 0.157 ± 0.007 mA (157 ± 7 μA) respectively. Although qualitatively higher eradication of the biofilm was observable at 500Ω (Fig. [S2](#MOESM1){ref-type="media"}), visible changes were also observed in the agar. In contrast, killing with the 1 kΩ ballast was relatively greater than with the 6 kΩ ballast with no degradation or visible change in the agar. Consequently, the 1 kΩ ballast resistor connected in series with the 6 V batteries was used in all the experiments reported here.

Effect of short term electroceutical treatment on generation of bactericidal compound {#Sec23}
-------------------------------------------------------------------------------------

Ag electrodes were embedded under TSA in 150 mm Petri dishes and current was applied for 1 h using 6 V batteries connected in series with 1 kΩ ballast. The current was then turned off after 1 h, and 12 h grown culture of PA-Xen41 (diluted 1:100) was spread on the surface of TSA. The Petri dishes were incubated for 24 h at 37 °C with 5% CO~2~.

Changes in pH of the agar medium in the presence of direct current {#Sec24}
------------------------------------------------------------------

To monitor changes in pH, the microelectrode (MI-710, Microelectrodes, Inc, NH, USA) was used. Direct current was applied as shown in Fig. [2](#Fig2){ref-type="fig"}, using 6 V with a 1 kΩ ballast. The pH was measured over the anode, cathode and different locations 2 cm laterally away from the electrodes by placing the microelectrode on the surface of agar. The pH of TSA medium was measured before (t = 0) and after (t = 24, 48 h) applied current.

Effect of electrode material on killing of *P. aeruginosa* Xen41 biofilms {#Sec25}
-------------------------------------------------------------------------

In order to determine whether the electrode material has any influence on killing of PA biofilms, Ag electrodes were replaced by Au (99.987% pure, Alfa Aesar) electrodes. The TSA medium was poured over the Au foils in Petri dishes, allowed to gel and lawn biofilms were then grown on top for 24 h, as described previously. Current was driven through the Au electrodes for 24 h. Plates were incubated for a further 48 h (24 h without DC, as with all Ag foil electrode experiments) and IVIS images were taken at that time.

Statistical analysis {#Sec26}
--------------------

All experiments were performed in triplicates, unless otherwise indicated for specific experiments. Control and treated samples were compared by paired, two test distribution using Student's *t*-test where *P* \< 0.05 was considered a statistically significant difference. Data represented in bar graphs are plotted as the mean ± standard error (SE) from the mean.
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